One sentence summary: This study demonstrates some diversity in biofilm formation by various P. aeruginosa strains and highlights the importance of studying other aggregation phenomenon than the usual formation of biofilms on surfaces.
INTRODUCTION
Biofilm production is recognized as one of the main forms of lifestyle of microorganisms in nature. Biofilms are ubiquitous heterogeneous structures composed of microorganisms, especially bacteria, organized in a self-produced polymeric matrix of variable composition. Biofilms can cause serious challenges to humans, for example in drinking water treatment (Wingender and Flemming 2011) and the food industry (Kumar and Anand 1998) . They are a major concern in medical settings since they increase the persistence of bacteria (Mulcahy, Isabella and Lewis 2014) and the resistance to antibiotic treatments (Costerton, Stewart and Greenberg 1999) .
Pseudomonas aeruginosa is a model organism for the study of biofilms. This bacterium, as an opportunistic pathogen, is also the principal cause of lung infections of people with cystic fibrosis (CF), where biofilm formation is associated with chronic infections and poor prognostic outcomes (Li et al. 2005) .
Many approaches, in static or continuous flow conditions, can be used to produce, quantify, and study biofilm formation and composition and their resistance to stresses (Branda et al. 2005; Franklin et al. 2015) . Some approaches, such as microfluidic imaging (Weiss Nielsen et al. 2011) , are informative about all the steps of biofilm formation, but can be complex and require technical materials. Other approaches, such as the microtiter plate assay (O'Toole 2011) , are easy and quick, but are mainly used just to detect biofilm formation. A common weakness of these methods is that they focus on biofilms attached to a surface, but P. aeruginosa can live in other aggregate forms, such as pellicles (Friedman and Kolter 2004a , Friedman and Kolter 2004a , 2004b and microcolonies (Worlitzsch et al. 2002; Sriramulu et al. 2005) . These latter aggregations also increase bacterial resistance (Alhede, Kragh and Qvortrup 2011) , but are discarded in traditional biofilm quantification assays because they float. In our study, we developed a method to independently quantify attached biofilms and other biofilm-like structure (BLS) formation. This approach is based on the simple microtiter assay for P. aeruginosa (O'Toole 2011), with medium agitation and image analysis for quantification.
Most studies on P. aeruginosa biofilms use reference strain PAO1. However, as for any bacterial species, P. aeruginosa genomic and phenotypic features vary among strains. Comparative studies of clinical isolates from CF patients have shown that P. aeruginosa strains adapt, leading to chronic infections, and rendering them phenotypically divergent from the isolates that cause acute infections (Folkesson et al. 2012; Hogardt and Heesemann 2013) . To learn more about biofilm formation by P. aeruginosa, and hence develop anti-biofilm therapies, it is important to examine the diversity of biofilms formed by different strains.
It has already been demonstrated that modifying the environmental ion concentration influenced in vitro biofilm formation in strain PAO1 (Lee et al. 2014) . The goal of our study was to learn more about the variation of biofilm formation in P. aeruginosa, regarding both attached biofilms and BLSs produced by four strains of various origins. We also assessed if chemical inhibition of attached biofilm formation from PAO1 could be generalized to other P. aeruginosa strains and to other BLSs.
MATERIALS AND METHODS

Bacterial strains
Four different strains of P. aeruginosa were used in this study. The first two have a clinical origin: PAO1, isolated from a human wound (Stover et al. 2000) , and LESB58, an epidemic strain isolated from chronically infected CF patients (Winstanley et al. 2009 ). The other two are from an environmental source: PPF-1 and Urg-7, both isolated in a dental unit waterline (Ouellet et al. 2014) .
Growth curve establishment
Bacteria were suspended to obtain an optical density at 595 nm (OD 595 ) of 0.1 in lysogeny broth (LB) supplemented or not with 2 mM or 20 mM MgCl 2 , MgSO 4 and ZnSO 4 . The stock solutions (1 M) were prepared by dissolving the salt in purified water and filter sterilizing the solution (Filtropur S 0.2, Sarstedt). The incubation was performed in a flat-bottomed polystyrene 24-well plate (Costar) (600 μL of bacterial culture per well) in a microplate reader (Infinite 200 PRO NanoQuant TECAN) at 37
• C with an agitation at 200 rpm. The OD 595 was automatically measured each 15 min for 24 h.
Crystal violet staining
Biofilm quantification using imaging
We developed a method based on image analysis to quantify biofilms formation. Once dried, the wells of the plate were vertically cut in half using a flame-heated scalpel. Then the resulting half wells were scanned (HP Scanjet G4050). The images thus obtained were analyzed using the scientific image analysis open platform ImageJ (Schindelin et al. 2015) . This software calculates the average pixel intensity for each row of pixels for a defined area of each well. The bottom and the top of each well were ignored on its image, to ensure that the analyzed areas were all of the same height from one image to another. An additional part was ignored for some wells that had a plastic joint on their wall (see Fig. 1A ). This precaution was inconsequential for the final results, considering that the height and position of the analyzed area were the determinative factors, not the width of the image. Each analyzed part was considered independently, giving n ≥ 2 per well and a total of n ≥ 7 per set of conditions. The total amount of biofilm formed was estimated as the mean of the area under the curves. Statistical analysis of the various conditions was done using with the Mann-Whitney U test.
BLS quantification
After incubation, the 24-well plates were scanned (HP Scanjet G4050) to observe the presence of BLSs floating in the cultures. Using ImageJ, we measured the number of pixels (by intensity) in the central part of the wells. The borders of the wells were ignored to minimize the impact of the well position in the plate (which result in a slight variation of the view angle and shadow projection) (see Fig. 4A ). Pixel intensities not corresponding to the background signal were considered as BLSs. All intensities obtained were multiplied by their respective number of pixels and the BLS quantity was correlated with the sum of the [intensities × number of pixels] for the BLS part of the curve.
Scanning electron microscopy of the BLSs
Before CV staining, the BLSs formed by LESB58 and PPF-1 were recovered and placed in 1.5 mL Eppendorf tubes. Following a gentle wash in 0.9% NaCl sterile saline to remove planktonic bacteria, the samples were fixed for at least 1 h in 0.1 M sodium cacodylate buffer (pH 7.3) containing 2% glutaraldehyde and 0.3% osmium tetroxide. The samples were washed with sodium cacodylate buffer three times for 10 min and then dehydrated for 10 min in 50% ethanol, 10 min in 70% ethanol, 10 min in 95% ethanol and 10 min in 100% ethanol. They were soaked in 100% ethanol twice for 15 min, and then similarly in hexamethyldisilazane. Finally, they were allowed to dry overnight before being mounted and golded. Images were acquired using a JEOL scanning electron microscope (JSM6360LV).
RESULTS AND DISCUSSION
Many methods allow the study of biofilm formation in vitro.
The growth in plastic cell culture plates is a common method due to its simplicity and because it enables high-throughput analysis. Optimized for P. aeruginosa (O'Toole et al. 1999; O'Toole 2011), a typical assay is performed in 96-well plates in static conditions. After incubation, biofilms can be stained with CV for visualization. Subsequent extraction of the CV and OD measurement at 550 nm provides a quantitative evaluation of the produced biofilms. In our study, we modified this standard protocol and used 24-well plates instead of 96-well plates, with agitation at 200 rpm to promote oxygenation of the bacterial cultures and obtain growth curves in optimal conditions. Bacterial cultures grown with agitation is also more representative of the natural environment of the isolates PPF-1 and Urg-7, since they were found in waterlines, where water alternates between stagnation and rapid flow. Moreover, we performed the quantification of biofilms with image analysis instead of OD measurement (Fig. 1) . As P. aeruginosa is known to produce biofilms mostly at the air-liquid interface during growth, with CV staining, the biofilm can be seen on the wall of a cultured well. Our method allowed us to ignore the wells' bottom, which could contain residual planktonic bacteria and BLSs, and focus only on the biofilm attached on the walls of the wells. Graphical representation of the biofilm on the walls has also the advantage of offering a quantification method linked to the precise position of the biofilm.
Four strains of P. aeruginosa were used to give an estimation of the diversity in biofilm production from P. aeruginosa strains of various origin. PAO1 and LESB58 are two reference strains, Figure 2 . Quantification of adhered biofilm (blue) and measurement of growth curve (red) in three specific conditions. (A) ImageJ allowed to determine the position and mass of biofilm produced by calculating the average pixel intensity for each row. In the graph, 0 (white) indicates no staining and 255 (black) indicates that the row is entirely covered by a thick biofilm. (B) In the control conditions, Urg-7 is the strain that produces the most biofilm. The addition of MgCl2, while increasing the maximal planktonic biomass for all the strains, does slightly increase the biofilm formation in the PPF-1 strain only (P-value = 0.00001). ZnSO4 inhibits planktonic growth, but increases the biofilm production of all strains. Error bars are the standard deviation for growth curves (In control conditions, n = 6. In added salt conditions, n = 3) and the deviation of the mean for biofilm quantification (n ≥ 7). the first because it was the first P. aeruginosa isolate to be fully sequenced (Stover et al. 2000) , and the second as a representative of isolates found in chronic CF lung infections (Winstanley et al. 2009 ). Although they are both clinical strains, they have significant genomic and phenotypic divergence. For instance, LESB58 has many genomic islands and six prophages that play an important role in its virulence (Jani, Mathee and Azad 2016; Lemieux et al. 2016 ). This strain is highly resistant to many antibiotics (Cheng et al. 1996) and is less motile but produces more biofilm matrix than PAO1 in the classic O'Toole protocol (Kukavica-Ibrulj et al. 2008) . PPF-1 and Urg-7 are two environmental strains isolated from dental unit water lines (Ouellet et al. 2014) . However, whereas Urg-7 phenotypes resemble those of CF clinical strains, PPF-1 is fairly distinct. Its quorum sensing Fig. 1A ). The amount of biofilm was calculated as the number of pixels under the curve. The Mann-Whitney U statistical test was used to assess the significance of the data obtained between the strains and the conditions of (A) 20 mM and (B) 2 mM of added ions. PPF-1 produced less biofilm than PAO1 (Pvalue = 0.041). Urg-7 produced more biofilm than all the other strains (P-value < 0.0005 in comparison with PAO1 or PPF-1 and P-value = 0.012 in comparison with LESB58) (not indicated on the graph). (A) With an addition of 20 mM of Zn 2+ , the biofilm formation increased in all the strains. An addition of 20 mM of Mg 2+ increased the biofilm formation only for PPF-1. (B) The addition of only 2 mM of Mg 2+ also increased the biofilm formation of PPF-1, but reduced it slightly in Urg-7 and had no significant effect in PAO1 and LESB58. The addition of 2 mM of Zn 2+ was not sufficient to enhance the biofilm formation.
system is altered (Vincent et al. 2017) and, according to the original O'Toole biofilm assay, it produces a high quantity of biofilm (Ouellet et al. 2014) .
Increased attached biofilm formation in the Urg-7 isolate
In previous studies using the O'Toole protocol, LESB58 and PPF-1 were identified as biofilm hyperproducers (Kukavica-Ibrulj et al. 2008; Ouellet et al. 2014 ). In our case, only the Urg-7 isolate produced significantly more attached biofilm than the other strains (P-value < 0.02) (Fig. 2B) . Furthermore, the PPF-1 isolate formed significantly less attached biofilm than the reference strain PAO1 (P-value < 0.05). These differences with the literature may be due to growth conditions and a different method of analysis. Previous studies have demonstrated that outer membrane components such as lipopolysaccharides (LPS), fimbriae, adhesins and type IV pili modulate the adhesion of bacteria to surfaces (Jacques 1996; Berne et al. 2015) . It is also known that cellular surface appendages vary between P. aeruginosa strains. For example, during the process of pathoadaptation to CF lungs, the O antigen part is lost and the lipid A portion of the LPS is altered ( Hancock et al. 1983; Ernst et al. 1999) . Mutations of genes responsible for flagella and type IV pili production are also often observed (Mahenthiralingam, Campbell and Speert 1994; Kus et al. 2004) . It is possible that these structural differences between the four strains used could explain some of the variation observed regarding the attached biofilm to the polystyrene plate's surface.
High concentration of Zn 2+ greatly increases attached biofilm formation
Biofilm formation depends on many environmental signals (Karatan and Watnick 2009 ). In P. aeruginosa PAO1, some cations have been described having anti-biofilm properties in vitro (Banin, Vasil and Greenberg 2005; Lee et al. 2014; Loo et al. 2014) . The effects of Mg 2+ and Zn 2+ were tested on the growth and biofilm formation capability of the strains included in this study, based on our experimental approach. As Mg 2+ has been reported to impact biofilm formation in various bacterial species (Song and Leff 2006; Mulcahy and Lewenza 2011; Oknin, Steinberg and Shemesh 2015) , we supplemented the LB medium with MgCl 2 to assess its effect on the formation of attached biofilms. At a high concentration (20 mM), no significant effect on biofilm formation was observed, except for strain PPF-1, where attached biofilm increased (Pvalue < 0.0001) (Fig. 2B) . The use of MgSO 4 instead of MgCl 2 confirmed these results (Fig. 3) . The results were similar at a lower concentration of Mg 2+ (2 mM), although, in these conditions, Urg-7's biofilm formation was slightly decreased (P-value < 0.05). However, the amount of attached biofilm formed by the Urg-7 strain was still equivalent or higher than in the other strains (Fig. 3) .
Contrary to what was observed previously (Lee et al. 2014 ), the addition of Zn 2+ did not prevent biofilm formation on the walls, even in PAO1. While 2 mM of Zn 2+ did not affect the formation of attached biofilm (Figs. 1B and 3B ) the addition of 20 mM of Zn 2+ promoted the production of attached biofilm considerably for all the strains (P-value < 0.0001) (Fig. 2B) , not only at the air-liquid interface, but on the total immersed area of the wells (Fig. 1B) . These results can probably be explained by the incubation conditions used, different to those used previously. The positive effects of Zn 2+ on the formation of attached biofilm by PAO1 was previously reported in artificial sputum medium (Marguerettaz et al. 2014) . Given that Zn 2+ can decrease (Lee et al. 2014) or increase (Marguerettaz et al. 2014 and our study) the attached biofilm formation, the growth and culture conditions probably play a large role in how Zn 2+ will impact biofilm formation and growth. The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of colloid stability is often used in studies about bacterial adhesion as a way to explain the initial interaction between microorganisms and a substratum. According to this theory, the adhesion of bacteria to a surface is enhanced proportional to the ionic strength of the culture medium (Hermansson 1999 Lee et al. 2014; Subramani, Perdreau-Dahl and Morth 2016) or the dose-dependent antimicrobial activity of certain metals (Lemire, Harrison and Turner 2013) could affect the bacterial adhesion differently for each ion. On this last aspect, it is worth mentioning that a resazurin assay performed on the 24-h-old attached biofilm was negative in the 20 mM of Zn 2+ condition (data not shown), which indicates that there were no viable cells remaining. Combined with the poor planktonic growth measured (Fig. 2B ), this indeed suggests that an addition of 20 mM of ZnSO 4 to the LB medium could have had an antimicrobial effect on P. aeruginosa. It is unknown, however, if the apparent biofilm overproduction is due to an accumulation of dead cells material sticking to the walls, or if the Zn 2+ stimulated the polysaccharides production (perhaps as a potential protection mechanism), but that the adhered bacteria did not survive until the end of the 24-h incubation. This is not the first time that a divergence with the DLVO theory has been observed. It reflects the active nature of microorganisms, which are not inert particles (Hermansson 1999) . It is interesting that the results were similar between the four strains. None of the tested salts clearly inhibited the attached biofilm formation.
Pseudomonas aeruginosa's floating BLSs and their modulation by cations
As commonly described in literature, to form a biofilm, by definition cells must first adhere to a surface and then produce an exopolymeric matrix (Dunne 2002) . In our study, in addition to adherent biofilms, floating BLSs were observed in some cultures (Fig. 4B ). This phenotype occurred reproducibly for strains LESB58 and PPF-1, and for strain Urg-7, though its aggregates were much smaller. PAO1 produced no BLS.
Such aggregation phenomena are not exclusive to P. aeruginosa, and the formation of floating communities of cells has already been described in other Gram-negative bacteria such Figure 5 . Scanning electron microscopy of LESB58 and PPF-1 BLS. BLSs were recovered from the wells before crystal violet staining and observed by SEM. Their composition was heterogeneous, with some defined area being smooth (1 and 3) and others having a rougher aspect (2 and 4). The BLSs of LESB58 appeared smoother overall than those of PPF-1.
as Providencia stuartii (El Khatib et al. 2017) and Escherichia coli (Hasman, Chakraborty and Klemm 1999) . Some hypothesis have been proposed to explain their formation, such as a role for porins in providing a junction between the cells (El- Khatib et al. 2018) or a chemotactic response (Laganenka, Colin and Sourjik 2016) , but it still remains a poorly studied phenotype compared to the deeply investigated adhered biofilms, especially in P. aeruginosa.
The presence of BLSs did not correlate to a higher or lower quantity of attached biofilm, which appears to confirm that BLSs were not simply part of a biofilm that had detached due to the shaking. Moreover, while the attached biofilm formation was generally not altered by the addition of 20 mM of Mg 2+ to the LB medium (Fig. 2B) , the BLS formation could be inhibited (Fig. 4C ). This lack of correlation between BLS formation and the growth of the attached biofilm suggests that these two phenomena might not be directly related, and that BLS formation might occur by mechanisms other than attached biofilm formation.
In a study about the deposit of Pseudomonas sp. strain B13 cells in sand columns, Simoni et al. observed a heterogeneity of the cells' adhesion to the sand (Simoni et al. 1998) . They could divide the cell population in two groups that they qualified as 'well-adhering' and 'nonadhering' subpopulations. Based on their other findings supporting the role of LPS in bacterial 
BLSs are heterogeneous structures formed of cells embedded in extracellular matrix
BLSs produced by LESB58 and PPF-1 in LB medium were imaged with scanning electron microscopy (SEM). Their composition was observed to be heterogenous, as some surface areas were smooth and others were rough (Fig. 5) . Both regions were mainly composed of bacteria cells. Abundant material was observed covering the cells, especially in the smooth parts of the BLSs (Fig. 6) . In that aspect, the BLSs display similarities with biofilms.
Planktonic growth does not correlate with biofilm formation
Our incubation conditions allowed us to monitor bacterial growth prior to biofilm quantification in the same experiment. As microbial growth is thought to be either planktonic or in biofilms, we tried to link the obtained growth curves to the amount of BLSs and the measured attached biofilms (Figs. 2B and 4C) . With an addition of 20 mM Zn 2+ , attached biofilm formation was seemingly greatly increased (but not the BLS formation) and almost no planktonic bacterial growth was monitored for any of the strains. However, conditions promoting planktonic bacterial growth (20 mM Mg 2+ ) did not hinder the attached biofilm formation (and even promoted it slightly in the case of PPF-1 strain), but did inhibit the BLS formation almost entirely. This information suggests that planktonic growth, attached biofilms and BLSs could represent three alternative lifestyles, each driven by their own mechanisms. In some cases, the presence of cations stimulates one lifestyle over one of the two others. For example, Zn 2+ stimulated what seems to be attached biofilms over BLSs and planktonic growth, and Mg 2+ inhibited BLSs while favoring planktonic growth. One of the limits of the image analysis approach for the BLS quantification is that it did not take the aspect of the BLSs into account. Even though the Zn 2+ did not reduce the overall amount of BLS material produced, the BLSs in these conditions had a very different shape than the ones in the control conditions (Fig. 4B) . To fully understand the reasons for this, it will be necessary to study the difference in biochemical composition of BLSs in both the control and treated conditions. At this concentration, Zn 2+ possibly represents a stress for the bacteria (Lemire, Harrison and Turner 2013 ) that could also be investigated using transcriptomics.
Conclusions and perspectives
Using non-static growth conditions and a novel image analysis approach, we were able to quantify and compare the biofilm formation of four different strains of P. aeruginosa. We observed that strains varied more in the floating BLS formation, than in the attached biofilm formation. Both phenomena showed a distinct response to the addition of divalent cations in the medium and could not be directly linked to the amount of planktonic growth. The present study proposes that there are many types of independent biofilm growth, and demonstrates that factors inhibiting or stimulating adhered biofilm formation do not always affect BLS formation in the same way. As we do not fully understand BLS formation as yet, further studies on this topic are merited. For instance, it would be interesting to assess the capability for BLS formation of P. aeruginosa mutants with decreased production of specific exopolysaccharides such as the pel or psl gene mutants previously described in the PA14 and PAO1 strains (Jackson et al. 2004; Friedman and Kolter 2004b) .
